Introduction
2006; Saffert and Kalejta, 2006; Woodhall et al., 2006) , and induction of the loss of SUMO-modified forms of PML by IE1 (Lee et al., 2004) . Consistent with the hypothesis that these activities counteract aspects of cellular antiviral defence, the works cited above have demonstrated that depletion of these major ND10 proteins using RNA interference allows improved replication of HSV-1 and HCMV mutants that lack the above-named viral regulatory proteins.
Given that depletion of all PML isoforms increases the replication of ICP0-null mutant HSV-1 (Everett et al., 2006) , we set out to investigate whether the apparent repressive effect of PML could be attributed to a specific PML isoform. We developed methods to express individual PML isoforms at close to endogenous levels in human cell lines that either were or were not highly depleted of endogenous PML. Our core finding is that the major PML isoforms (PML.I and PML.II) partially reverse the improved replication of ICP0-null mutant HSV-1 that is observed in PMLdepleted cells, but no single PML isoform could fully reverse the effect of endogenous PML depletion. The inhibitory effect of PML.I was dependent on SUMO modification, the presence of the SUMO interaction motif (SIM), all the elements of its TRIM motif, and proper SUMO modification. In parallel, we found that no single major nuclear PML isoform can re-establish completely authentic ND10 in terms of composition and/or modification of Sp100, despite nucleating punctuate PML foci. These observations suggest that the isoform-specific C-terminal sequences of the various PML isoforms are required to act in collaboration to establish fully functional ND10 structures.
Results

A system for expression of individual PML isoforms at close to endogenous levels in human cells depleted of endogenous PML
This study arose from the observation that depletion of PML from human fibroblasts results in increased infection efficiency by ICP0-null mutant HSV-1 (Everett et al., 2006) , and also by other herpesviruses (Kyratsous and Silverstein, 2009; Tavalai et al., 2006) . Because of the complex nature of the expression pattern of PML isoforms in normal cells (Condemine et al., 2006; Jensen et al., 2001) , we set out to determine whether any of the individual PML isoforms could reverse the effect of depletion of all PML isoforms and thereby re-establish full intrinsic resistance to ICP0-null mutant HSV-1.
Preliminary experiments were impeded by difficulties in achieving expression of individual PML isoforms at the necessary high frequency in an appropriate cell type, and by the problem common to many vector systems of expression at levels far exceeding that of the endogenous protein. Therefore, we developed a system with the following characteristics: (1) efficient depletion of all isoforms of endogenous PML from human cells suitable for studies on ICP0-null mutant HSV-1, using lentiviral-mediated expression of an anti-PML short hairpin RNA (shRNA); (2) lentiviral-mediated reconstitution of individual PML isoform expression using modified PML sequences resistant to the shRNA; (3) use of a weak promoter for PML isoform expression to avoid excessive expression levels; and (4) use of EYFP-PML fusion proteins to allow enrichment by fluorescence-activated cell sorting (FACS) of cells positive for PML isoform expression. A map of the EYFP-PML expression lentivirus vector and the exon structures of the PML isoforms studied is presented in Fig. 1 . This system was adopted for expression of the major nuclear PML isoforms I to VI in both normal and PML-depleted cells.
Antiviral resistance by PML.I and PML.II
Analysis of control and PML-depleted cells expressing EYFP-PML isoform fusion proteins
The cells used predominantly in these studies were HepaRG hepatocytes (Gripon et al., 2002) and derivatives expressing control and anti-PML shRNAs (Everett et al., 2008a) , named HALL and HALP cells, respectively. Endogenous PML and Sp100 colocalised strongly in HALL cells (supplementary material Fig. S1 ). ATRX and hDaxx exhibited considerable diffuse nuclear fluorescence, but both also colocalised with PML, albeit less distinctly and to a variable extent between cells. On average, around 50-70% of PML foci contained detectable accumulations of hDaxx or ATRX (supplementary material Fig. S1 ). As observed previously, depletion of endogenous PML caused the dispersal of other ND10 components, including Sp100, hDaxx and ATRX, into mainly nuclear diffuse staining patterns Everett et al., 2008a; Everett et al., 2006; Ishov et al., 1999; Shen et al., 2006; Zhong et al., 2000a) . Some HALP cells contained foci of these proteins, but these were less distinct than in the control cells and Fig. 1 . Map of the lentiviral vector used for PML expression and a summary of the PML isoforms studied. (A)Lentivirus plasmid vector pLNGY-PML.I. The key features of the lentivirus vector are noted: pac, HIV packaging sequence; RRE, REV response element; RSV, RSV promoter; ori, bacterial origin of replication; Amp r, ampicillin resistance; shPML1 si-ve, position of target sequence of shPML1 and relevant non-coding mutations (other labels are self-explanatory). (B)PML isoforms I to VI, noting the exons included in each isoform cDNA and the size of the translated product. The bracketed exon labels indicate the use of alternative reading frames compared to unbracketed exons of the same name. The (+8) label of PML.VI indicates that an additional eight residues follow exon 6 as a result of an alternative splicing event that deletes exon 7a.
they did not colocalise with each other (supplementary material Fig. S1 ) Everett et al., 2008a) .
HALL and HALP cells transduced with lentiviruses expressing the EYFP-PML isoform fusion proteins were enriched by FACS and all expressed the relevant PML isoforms in greater than 95% of the cells. Analysis of these sets of cells indicated that all EYFP-PML isoforms colocalised with Sp100 in the great majority of the foci in both cell type backgrounds (Fig. 2) . However, some cellto-cell variability was evident, and although Sp100 was present in most PML.I foci in HALP.EYFP-PML.I cells (Fig. 2) , this was not true in all cells, resulting in an overall reduced proportion of colocalising foci (see later for quantification of the data). These data were consistent with many previous studies demonstrating colocalisation of exogenously expressed PML isoforms with endogenous ND10, and with Sp100 in the absence of endogenous PML (e.g. Ishov et al., 1999; Shen et al., 2006; Zhong et al., 2000a) .
Western blot analysis of extracts of the series of HALL.EYFP-PML.I to HALL.EYFP-PML.VI cells using an antibody that
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Journal of Cell Science 124 (2) recognises all endogenous PML isoforms indicated that each EYFP fusion protein isoform gives a family of multiple bands that are likely to represent modification by SUMO family proteins, as occurs with endogenous PML (Fig. 3A, upper panel) . Steady state expression levels varied between the isoforms, with isoforms I and VI being routinely more abundant than the others, and isoform V being apparently the least well expressed. Because the promoter driving expression was the same in all cases, these differences were probably a consequence of post-transcriptional regulation.
The most abundant unmodified form of endogenous PML corresponds to a combination of isoforms I and II, with the PML.Ispecific mRNA being the most highly expressed under natural circumstances, comprising 40-80% of total PML-encoding mRNA (Condemine et al., 2006) . Despite these variations, all EYFPlinked PML isoforms were expressed at levels of a similar order to that of endogenous PML, in that both endogenous and exogenous protein could be visualised on a single western blot exposure, resulting in complicated band patterns consequent on the overlay of the endogenous and exogenous signals (Fig. 3A, upper panel) . Analysis of the same samples using an anti-EGFP antibody revealed the bands that were specific to the introduced EYFP-PML isoform fusion proteins (Fig. 3A, lower panel) . Similar analysis of HALL, HALP and HALP.EYFP-PML.I to HALP.EYFP-PML.VI cells demonstrated the loss of endogenous PML from HALP cells and the expression of the re-introduced EYFP-PML isoforms at close to endogenous levels in each HALP-derived cell line (Fig. 3B) . As in the HALL series of cells, unmodified PML.V appeared to be expressed less efficiently than the other isoforms, but note that the most of the protein was in the form of modified species, which might give a misleading impression of the level of total PML.V expression. Interestingly, the pattern of modified PML species was more complex than could be explained by conjugation of a single SUMO moiety at only the three mapped SUMO conjugation sites, especially with isoforms V and VI. Although it is possible that some of these modified bands could be due to SUMO modification of lysine residues in the EYFP moiety of the fusion protein, a large number of modified PML isoform bands were also observed in human fibroblasts expressing FLAG-tagged versions of these proteins (Sykes, 2007) . One possible explanation of these bands is the presence of oligomeric SUMO-2/3 chains.
PML isoforms I and II participate in PML-dependent restriction of HSV-1 replication
The motivation behind this study was to determine whether any particular individual PML isoform could reverse the increased replication of ICP0-null mutant HSV-1 in PML-depleted cells. Therefore, plaque formation by wild type and ICP0-null mutant HSV-1 was assessed in control and PML-depleted HepaRG cells expressing individual PML isoforms. As expected from previous work (Everett et al., 2008a; Everett et al., 2006) , the plaqueforming efficiency of wild-type HSV-1 was similar in all cell lines, whether or not they expressed endogenous PML (Fig. 4A,B , upper panels). These data are in accord with previous studies that found that increased expression of selected PML isoforms does not impede wild-type HSV-1 infection (Chelbi-Alix and de The, 1999; Everett and Zafiropoulos, 2004; Lopez et al., 2002) .
Plaque formation efficiency of ICP0-null mutant HSV-1 was also unaffected in most HALL-derived cells expressing individual EYFP-PML isoform fusions, with the exception of cells expressing PML.II (Fig. 4A, lower panel) . As expected, significantly increased plaque formation of ICP0-null mutant HSV-1 was observed in PML-depleted cells (Fig. 4B, lower panel) . Expression of individual PML isoforms in HALP-derived cells was unable to reverse completely the effect of PML depletion, but mutant virus plaque formation was about half as efficient as that in the HALP parents in cells expressing PML.I or PML.II (Fig. 4B, lower panel) . These data indicate that the naturally most abundantly expressed PML isoforms play a role in the mechanism by which PML contributes to repression of ICP0-null mutant HSV-1 infection.
To test whether increased expression of PML isoforms I or II might further inhibit ICP0-null mutant HSV-1 plaque formation, we developed cell lines in which these EYFP-linked proteins were expressed at very high levels from a truncated HCMV promoter. The increase in plaque-forming efficiency of ICP0-null mutant virus in PML-depleted cells was also partially reversed in the PML overexpressing cells, but had no effect on plaque formation by wild-type virus (supplementary material Fig. S2 ). These data independently confirm the results of Fig. 4B and demonstrate that increased expression of the isoforms above endogenous levels does not have a further repressive effect.
PML.I-mediated restriction requires SUMO modification and all elements of the TRIM
We analysed the characteristics of PML.I that are required for its restrictive effect on ICP0-null mutant HSV-1 plaque formation by constructing cells expressing proteins with mutations in conserved cysteine residues in the RING finger, B-Box 1 and B-Box 2 (PML.I.RING, PML.I.BB1 and PML.I.BB2, respectively), and a deletion of the coiled-coil element of the TRIM (PML.I.CC), and with lysine to arginine substitutions at the two major SUMO modification sites, lysine residues 160 and 490 (PML.I.KK) (Fig.  5A ). We also included a mutant of PML.I lacking the short exon 7a (PML.I.7a), which includes the SUMO interaction motif (SIM) (see Fig. 8 ). In the HALL cell background, wild-type EYFP-PML.I foci mostly colocalised with Sp100 and, surprisingly, so did the RING finger, SUMO modification site and SIM deletion mutants (supplementary material Fig. S3 , left; data not shown for PML.I.7a). The B-Box 1 mutant also colocalised with Sp100, but the mutant protein clearly affected the appearance of endogenous ND10. The B-Box 2 mutant formed many punctate foci, some colocalising with endogenous ND10 but most not (supplementary material Fig. S3 , left). The coiled-coil deletion mutant was entirely nuclear diffuse, but again extensive evidence of disturbance of ND10 integrity was present (supplementary material Fig. S3 , left). These results imply that PML-PML interactions through the coiledcoil are dominant in determining the localisation of mutant proteins when expressed at close to endogenous levels. However, it is clear that the presence of a mutant PML protein can affect the structure of endogenous ND10, even when not highly expressed.
The results were substantially different in the PML-depleted background. As noted in Fig. 2 , Sp100 was more diffuse even in cells reconstituted with wild-type EYFP-PML.I, and this was true of all cell lines expressing mutant forms of PML.I (supplementary material Fig. S3 , right), with the exception of PML.I.7a (see later). Colocalisation with Sp100 occurred, albeit to a reduced extent, with wild-type EYFP-PML.I, but not with the RING finger, B-Box 1, B-Box-2 and coiled coil mutants, even when these formed distinct foci (supplementary material Fig. S3 , right). The SUMO modification mutant formed intense nuclear aggregates, some of which colocalised with Sp100 (supplementary material Fig. S3 , right). By contrast, the SIM deletion mutant formed foci that colocalised extremely well with Sp100 (see Fig. 8 ).
The mutant PML proteins were expressed at broadly similar levels in both control and PML-depleted backgrounds, but the modification of all except PML.I.7a was compromised in the PML-depleted background, indicating that all the elements of the TRIM are required for proper PML.I modification (Fig. 5B , upper pair of images). In cells expressing endogenous PML, however, all the mutant proteins except the coiled-coil deletion expressed one additional modified band (Fig. 5B , lower pair of images), indicating that the endogenous protein can influence not only the localisation of mutant forms of PML (supplementary material Fig. S3 ), but also their modification. The modified form of the PML.I.KK mutant might be due to SUMO modification (possibly with a dimeric SUMO chain, given the difference in size shift compared to the others) at either the previously characterised lysine 65 (Kamitani et al., 1998a) or at a different lysine residue.
None of the mutant proteins had any marked effect on the plaque-forming efficiency of wild-type HSV-1 (Fig. 5C , upper panel). Although wild-type EYFP-PML.I reproduced the twofold reduction in ICP0-null mutant HSV-1 plaque formation seen in earlier experiments, none of the mutant proteins had a significant inhibitory effect (Fig. 5C, lower panel) . These data confirm the restrictive effect of PML.I and demonstrate that the integrity of the TRIM, the major SUMO modification sites and the SIM are required for PML.I activity.
All EYFP-PML isoforms nucleate foci that are distinguishable from normal ND10
One possible explanation of the observation that no single PML isoform can re-establish the level of repression of ICP0-null mutant cells that occurs in the presence of endogenous PML is that the PML foci formed are in some way different from normal ND10. This hypothesis was supported by detailed examination of other ND10 components. For example, although all re-introduced EYFP-PML isoforms colocalised with Sp100 in the HALP-PML series of cells (Fig. 2) , recruitment of hDaxx (supplementary material Fig.  S4 ) and ATRX (supplementary material Fig. S5 ) was isoformdependent. These two latter proteins were mainly diffusely distributed in the nucleus of EYFP-PML.I and EYFP-PML.II reconstituted cells, and there was a lower proportion of PML.III and PML.IV foci that contained ATRX than in the corresponding endogenous PML-positive cells. On the other hand, both hDaxx and ATRX were efficiently recruited into PML.V and PML.VI foci to an extent that, in the case of PML.VI, was even greater than that seen with endogenous PML in HALL cells. The data were quantified and presented as box plots in Fig. 6 . For ease of visualisation, the means of these data are shown in supplementary material Fig. S6 . Statistical analysis was performed to compare the colocalisation of Sp100, hDaxx and ATRX with endogenous PML in HALL cells (supplementary material Fig. S1 ).
Analysis of these observations in the light of the exon structure of the various PML isoforms (Fig. 1) did not reveal any obvious isoform-specific sequences that are specifically required for the recruitment of hDaxx and ATRX into PML foci. It is likely that other factors, such as interactions with other proteins not analysed here, are also involved. It is surprising that PML.VI recruited all the tested ND10 components so efficiently, even in the PMLdepleted background, because this isoform lacks the SUMO interaction motif that has been implicated in the mechanism of ND10 assembly (Shen et al., 2006) . However, our data are consistent with a previous finding of increased recruitment of hDaxx into foci containing overexpressed PML.VI (Block et al., 2006) . The efficient recruitment of Sp100, hDaxx and ATRX into PML.V foci is consistent with the suggestion that this isoform plays a structural role in nucleating ND10 (Brand et al., 2010; Weidtkamp-Peters et al., 2008) . Another surprising feature of these results was that expression of PML.I in HepaRG cells appeared to disturb normal ND10 integrity, because colocalisation with hDaxx and ATRX was poor even in the PML-positive background (Fig. 6; supplementary material Figs S4, S5) . This might be a cell-typedependent effect because this result was not observed in analogous human fibroblast-derived cells (data not shown). These data suggest that the simple presence of PML foci after exogenous expression cannot be taken as evidence of formation of structures identical to ND10 in normal cells, and more detailed analysis of other ND10 components is necessary to characterise such foci completely.
Modification of Sp100 in cells with and without endogenous PML
Immunofluorescence analysis suggested that the foci formed by different PML isoforms in cells depleted of endogenous PML might differ in detail from normal ND10. This hypothesis was supported by analysis of the modification profile of Sp100. In normal cells, Sp100 exhibited a number of bands (Fig. 7A) , the most prominent of which represented unmodified Sp100 isoform A (Sp100A) and a derivative of this conjugated to a single SUMO-1 moiety (Sternsdorf et al., 1997) . The identity of fainter, slower mobility bands was less certain, because they could represent less abundantly expressed Sp100 isoforms such as Sp100B, Sp100C and Sp100HMG, or further modified forms of Sp100A, or a combination of all isoforms with or without SUMO modifications. Whatever the identity of these slower mobility bands, depletion of PML resulted in their loss and a concomitant increase in unmodified Sp100A (Fig. 7A) (Everett et al., 2008a; Everett et al., 2006) . In contrast to its effect on SUMO modification of Sp100, PML depletion did not result in major global differences in SUMO-modified proteins, as detected by the high molecular weight smear of proteins using anti-SUMO-1 or SUMO-2/3 antibodies (Fig. 7C) .
All PML isoforms enabled an increase in SUMO modification of Sp100A and an increase in the lower mobility bands compared to that in PML-depleted cells, but none reproduced completely the Sp100 profile in HALL cells (Fig. 7A,B) . We also noted a slight shift in mobility of unmodified Sp100A in HALL compared to HALP cells (Fig. 7C) , which was not reversed in any of the PML reconstituted cells (Fig. 7A) . PML isoforms V and VI produced the most marked increase in SUMO modification of Sp100A, a result that might be related to their efficient recruitment of other ND10 proteins ( Fig. 6; supplementary material Figs S4, S5) . The other PML isoforms were all substantially defective in reproducing normal levels of SUMO modification of Sp100A, despite their colocalisation with Sp100 (Fig. 2) .
The data demonstrated that SUMO modification of Sp100 is PML-dependent, and that the increased levels of SUMO-modified Sp100A in PML.V and PML.VI reconstituted cells raises the possibility that these isoforms act as SUMO E3 ligases for Sp100. The situation is likely to be more complex, however, because the PML.VI sequence is almost entirely represented in all other isoforms. Furthermore, consistent with a previous report utilising PML.III (Sternsdorf et al., 1995) , we could not detect any interaction between these proteins in immunoprecipitation studies (data not shown). Although RanBP2 has been found to stimulate SUMO modification of Sp100 (Pichler et al., 2002; Tatham et al., 2005) , the proposal that Sp100 is SUMO-modified during nuclear entry (Pichler et al., 2002 ) is unlikely to be correct because our data clearly demonstrate that Sp100 within the nucleus is not SUMO-modified unless PML is present.
A surprising feature of our analysis concerns the SIM deletion mutant, PML.I.7a. We noted that it forms foci that colocalised with Sp100 to a greater degree than the wild-type protein, and this
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Journal of Cell Science 124 (2) also extended to colocalisation with hDaxx and ATRX (Fig. 8C) . In fact, PML.I.7a behaved in these respects very much like PML.VI, which also lacked the SIM (compare Fig. 8C ,D with Figs 2, 6 and supplementary material Figs S4, S5) . Furthermore, the ratio of SUMO-modified to unmodified Sp100A in HALP cells expressing PML.I.7a was much greater than that in cells expressing wild-type PML.I (Fig. 8B) . These results are consistent with a role for the SIM in the regulation of ND10 composition, but not with a requirement for the SIM for ND10 assembly. It is possible that the SIM is involved in transitory interactions and component exchange within ND10, such that in its absence certain proteins are recruited more stably, allowing greater levels of SUMO modification of Sp100. However, it is also formally possible that the presence of PML.I.7a alters the relative stabilities of SUMOmodified and unmodified Sp100.
Discussion
There is increasing evidence that several ND10 components contribute to intrinsic cellular resistance to a variety of herpesvirus infections (Cantrell and Bresnahan, 2006; Everett et al., 2008a; Kyratsous and Silverstein, 2009; Ling et al., 2008; Lukashchuk et al., 2008; Lukashchuk et al., 2010; Negorev et al., 2006; Preston and Nicholl, 2006; Saffert and Kalejta, 2006; Tavalai et al., 2006; Tavalai et al., 2008; Woodhall et al., 2006) . We have shown that depletion of PML increases the replication efficiency of ICP0-null mutant HSV-1 (Everett et al., 2008a; Everett et al., 2006; Everett et al., 2008b) , a finding that implicates PML in a repression mechanism that targets HSV-1 genomes and which is inactivated The EYFP-PML foci in six to ten cells (totalling over 100 foci) were scored for the presence or absence of Sp100, hDaxx or ATRX. Separate foci of the other ND10 protein were also recorded. The presence of colocalising Sp100 was always distinct, whereas it was more variable with hDaxx and ATRX. Colocalisation was scored if there was an increase above background, even if faint, of signal colocalising with PML. Cell-to-cell variability occurred in terms of both proportion of colocalising foci and the intensity of colocalisation. The fields of view in Fig. 2 and in supplementary material Figs S4 and S5 were chosen to reflect these variations. The shaded boxes represent the range of 50% of the values, with the line extensions indicating the range of all values. The thin line within the box is the median value, the thicker line is the mean. The data of the colocalising foci were compared with those of colocalisation with endogenous PML in HALL cells (supplementary material Fig. S1 ) using the Mann-Whitney U-test. Statistically different distributions are indicated by asterisks (*P<0.05, **P<0.02). Statistical analysis was performed only on the data sets of colocalising foci, because the data on non-colocalising foci were related to the degree of colocalisation.
by ICP0 during the course of a wild-type virus infection. Consistent with these results, decreased expression of PML in a variety of tumour cells correlates with increased permissiveness for ICP0-null mutant HSV-1 replication, and disruption of ND10 by expression of the PML-RAR fusion protein also increases replication of the mutant virus (Sobol et al., 2009) . Given that PML is expressed as a complex family of proteins as a result of both alternative splicing and post-translational modification (Jensen et al., 2001 ), we set out to determine which PML isoforms are (D)Immunofluorescence data were quantified, presented and analysed statistically as described for Fig. 6 . most significant in terms of restricting ICP0-null mutant HSV-1 infection. We developed an experimental approach that provides a robust methodology for the investigation of the functions of PML, and which in principle is applicable to many other systems. As pointed out previously (Bernardi and Pandolfi, 2007) , many studies involving exogenous PML expression have used overexpressed proteins in a background containing a full complement of endogenous proteins. In preliminary experiments using vector systems with a stronger promoter than utilised herein, we found that highly expressed PML forms abnormally large nuclear aggregates in many cells, sometimes with additional cytoplasmic foci, perhaps because the normal trafficking system and interaction partners of the protein had been saturated. When exogenous PML was expressed at close to endogenous levels, all EYFP-linked PML isoform proteins colocalised with Sp100, and all except PML.I colocalised frequently with both hDaxx and ATRX in normal cells. In PML-depleted cells, however, significant differences were observed in the distributions of some PML isoforms and their recruitment of other ND10 proteins. For example, PML.I and PML.II recruit Sp100 but neither hDaxx nor ATRX into colocalising foci (Figs 2, 6 ; supplementary material Figs S4, S5). These observations indicate that differences in the properties of the various PML isoforms become evident more readily in the absence of endogenous PML, whereas in its presence the ability of PML isoforms to interact through the coiled-coil domain might enable a dominant influence of the endogenous protein.
Our results are consistent with previous studies of single human PML isoforms in transfected PML-/-mouse fibroblasts. For example, PML.VI recruited endogenous Sp100, Daxx and SUMO-1 into colocalising foci (Ishov et al., 1999) , and isoforms III and IV recruited Daxx and SUMO-1 (Shen et al., 2006; Zhong et al., 2000a) . Our study expanded these observations to a systematic analysis of all major nuclear PML isoforms, and the comparative analysis of the efficiencies with which a range of ND10 proteins are recruited into the PML isoform foci. The results reveal subtleties that might have been missed in previous analyses, particularly those utilising transfection-mediated high-level expression of PML.
We realise that the differences observed between the various reintroduced PML isoforms in PML-depleted HepaRG cells (Figs 2,  6 ; supplementary material Figs S4, S5) might vary according to cell type and expression level. During preliminary work, we investigated different cell types and vector systems that gave much higher levels of PML expression. In HEp-2 cells depleted of endogenous PML, we found that highly expressed PML isoforms IV and VI strongly recruited Sp100 into colocalising foci, whereas with isoforms II and V it was variable, and recruitment of Sp100 was not observed in cells expressing isoforms I and III (Sykes, 2007) . On the other hand, recruitment of both Sp100 and hDaxx into ND10-like foci occurred in PML-depleted human fibroblasts expressing each individual PML isoform, although with the highlevel expression system employed the foci were larger and more diffuse than normal ND10, particularly with cells expressing PML.VI (Sykes, 2007) . Such cell type and expression level variations could explain differences in PML isoform localisation reported in previous papers (e.g. Beech et al., 2005; Condemine et al., 2007; Condemine et al., 2006) . The specifics of these cell type differences are not as important as the general principles that PML isoform behaviour is complicated by many factors, and that individual PML isoforms cannot be relied upon to re-form truly authentic ND10 in a PML-depleted background. This latter conclusion is supported by a previous study that found that PML.IV
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Journal of Cell Science 124 (2) could induce premature senescence in PML-positive but not PMLnegative mouse fibroblasts, implying that PML.IV cannot substitute for all other isoforms (Bischof et al., 2002) . The failure of any single individual major PML isoform to reestablish ND10 that are indistinguishable from the authentic structures on the basis of fluorescence analysis and/or Sp100 modification might be an important factor in their inability to reverse completely the effect of PML depletion on ICP0-null mutant HSV-1 plaque formation. Interestingly, PML.I is able partially to reverse the effect of PML depletion on ICP0-null mutant plaque formation and is naturally the most highly expressed in human cells (Condemine et al., 2006) . Recently, PML.I expression in PML-negative mouse fibroblasts was found to decrease the robust replication of murine -herpesvirus 68 normally observed in these cells in comparison to control PML-positive fibroblasts (Ling et al., 2008) . Given that PML.II also had a repressive effect in our assays, it is of interest that this isoform interacts specifically with adenovirus E4orf3 protein, thereby enabling the mechanism by which E4orf3 disrupts ND10 during adenovirus infection (Hoppe et al., 2006; Leppard et al., 2009) .
The mechanism by which PML exerts its negative effect on ICP0-null mutant HSV-1 plaque-forming efficiency is yet to be determined, but our mutational analysis demonstrates that the integrity of the entire TRIM structure is required. Note that an intact TRIM is also required for normal SUMO modification of PML.I. Although we have not analysed any mutants of PML.II, it would be expected that its TRIM is also required for the inhibitory effects documented in Fig. 4 . Why PML.II alone amongst the isoforms increases the repression of ICP0-null mutant plaque formation in PML-positive cells is not clear. It is possible that the PML.II specific exon 7b interacts with repressive factors that further reduce the probability that cells infected with the mutant virus will commit to lytic infection.
The analysis indicates that each element of the TRIM is involved in PML.I modification and localisation, but that endogenous PML can influence both these factors providing the coiled-coil motif is present. This is graphically illustrated by the difference in localisation of the SUMO modification mutant, EYFP-PML.I.KK, whose distribution is entirely different in the presence and absence of endogenous PML. Mutations in the individual TRIM elements affected PML.I localisation in distinguishable ways, whereas both wild-type PML.I ( Fig. 2; supplementary material Figs S4, S5) and some of the mutant forms (supplementary material Fig. S3 ) affected even endogenous ND10 composition or appearance. These observations further underline the complexity of the interrelationships between endogenous and introduced PML proteins.
Because up to 11 PML isoforms have been described, we cannot exclude that some of them, even minor splice and/or cytoplasmic variants, could contribute to intrinsic cellular defence against HSV-1. Generally, their endogenous expression levels are low in comparison to the major PML isoforms. It has been observed that the cytoplasmic PML isoform lacking exons 5 and 6 (called PML.Ib) is enriched in HSV-1-infected human fibroblasts, and it was proposed that PML.Ib mediates intrinsic cellular defence against wild-type HSV-1 via cytoplasmic sequestration of ICP0 (McNally et al., 2008) . Although PML.Ib might have an inhibitory effect on wild-type virus when very highly expressed, it could not influence ICP0-null mutant infection by this mechanism.
The failure of individual PML isoforms to restore full ND10 function is consistent with an emerging view that the isoformspecific C-terminal regions of PML contribute distinct functions that combine for normal ND10 functionality (Weidtkamp-Peters et al., 2008) . It has been proposed that PML.V plays a structural role in nucleating ND10 (Brand et al., 2010; Weidtkamp-Peters et al., 2008) , but it is also important to consider how the isoform-specific sequences might affect partner recruitment and exchange. Thus, the strong colocalisation of PML.V, PML.VI and PML.I.7a with Sp100, hDaxx and ATRX could be influenced not only by the efficiency of recruitment of these other ND10 proteins, but also by the dynamic stability of that recruitment. It is likely that ND10 function is a complex synthesis of several component proteins and their various isoforms, and in retrospect it is perhaps unsurprising that no single major PML isoform can fully substitute for the combination of them all. A consequence of this conclusion is that deciphering the functions of PML, both during virus infection and in its various functions in uninfected cells, is an extremely complex issue. Nonetheless, the methodology of depletion and reintroduction of a given protein at close to endogenous levels should enable detailed analysis of the functions of wild-type and mutant cellular proteins in a more robust manner than achieved by methods based on transfection and/or overexpression in the presence of the endogenous protein.
Materials and Methods
Cells
U2OS, HEK-293T and human diploid fibroblast cells were grown in Dulbecco's modified Eagles' medium supplemented with 10% foetal calf serum. BHK cells were grown in Glasgow modified Eagles' medium supplemented with 10% newborn calf serum and 10% tryptose phosphate broth. HepaRG hepatocyte cells (Gripon et al., 2002) were grown in William's medium E supplemented with 10% foetal bovine serum Gold (PAA Laboratories), 2 mM glutamine, 5 g/ml insulin and 0.5 M hydrocortisone. All cell growth media contained 100 units/ml penicillin and 100 g/ml streptomycin. Lentivirus transduced cells were maintained with continuous antibiotic selection, as appropriate.
Plasmids
Lentivirus vector plasmids expressing anti-PML and control anti-luciferase shRNAs (pLKO-shPML1 and pLKO-shLuc) were as described (Everett et al., 2008a) . The anti-PML shRNA coding strand sequence was 5Ј-AGATGCAGCTGTATCCAAG-3Ј, which lies in conserved exon 4. The BamHI-KpnI fragment encoding puromycin resistance was removed from pLKO-shPML1 and replaced with a PCR fragment encoding G418 resistance flanked by the same restriction sites, to create pLKOneoshPML1. Lentivirus vector plasmids expressing proteins from the HSV-1 gD (US6) gene promoter were constructed by removing the RNA polymerase III and shRNA sequences from pLKOneo.shPML1 and replacing them with a fragment from -122 to +11 of the HSV-1 gD promoter (Everett, 1983) linked to the EYFP coding region. Plasmids with this backbone were designated with the prefix pLNGY. The open reading frames of PML isoforms I to VI, as defined (Jensen et al., 2001) , were inserted downstream of the EYFP sequences to give plasmids pLNGY-PML.I to pLNGY-PML.VI. All cDNAs encoding the PML isoforms were made resistant to the anti-PML shRNA by the introduction of five silent point mutations in the relevant sequence. The altered sequence was 5Ј-AGATGCTGCAGTTAGCAAG-3Ј. Highlevel expression of PML isoforms I and II was accomplished by use of lentivirus vectors pLNDY-PML.I and pLNDY-PML.II, in which the gD promoter of the pLNGY series plasmids was replaced with the 372 bp NdeI-AgeI fragment of pEGFP-C1 (Clontech) containing the proximal part of the HCMV IE promoter/enhancer.
PML mutants
Derivatives of pLNGY-PML.I with point mutations in the RING finger (RING; C57A, C60A), the first B-Box (BB1; C139A, C142A), and the second B-Box (BB2; C211A, C214A) were constructed by site-directed mutagenesis or a PCR splicing approach using mutagenic oligonucleotides. Deletion of the coiled-coil domain (CC, deletion of E239 to L322) and exon 7a (7a, deletion of E553 to S570) were accomplished by PCR splicing. Mutant PML.I.KK with lysine to arginine mutations in the major SUMO modification sites (K160R, K490R) was constructed by fragment transfer from a previously characterised plasmid (Boutell et al., 2003) .
Lentivirus transduction
Lentivirus supernatants were prepared after co-transfection into HEK-293T cells of a lentivirus vector plasmid with pVSV-G (expressing the VSV envelope protein) and pCMV.DR8.91 (expressing lentivirus helper functions), as described previously (Everett et al., 2008a) . HepaRG cells were transduced with lentiviruses expressing shRNAs directed against either luciferase (as a control) or PML. Stable cell lines were then selected with puromycin (initially 1 g/ml, then reduced to 0.5 g/ml during subsequent passage). The cell populations so generated, named HALL (for hepatocyte lentivirus luciferase shRNA) and HALP (for hepatocyte lentivirus PML shRNA), respectively, were subsequently transduced with lentiviruses derived from the pLNGY-PML series to create HALL.EYFP-PML.I to HALL.EYFP-PML.VI and HALP.EYFP-PML.I to HALP.EYFP-PML.VI cells, which were selected with G418 (initially 1 mg/ml, then reduced to 0.5 mg/ml during subsequent passage). For further controls, HALL and HALP cells were also transduced with lentiviruses made from the pLNGY backbone vector that expresses EYFP alone.
Cells depleted of endogenous PML and expressing high levels of PML.I and PML.II were constructed by transduction with lentiviruses derived from pLNDY-PML.I and pLNDY-PML.II in an analogous manner.
Human fibroblast-derived cells transduced with the pLNGY-PML plasmids were also isolated, as were human fibroblast and HEp-2 derived cells transduced with lentiviruses made from vectors of the pLND.FLAG-PML.I to pLND.FLAG-PML.VI series. In all cases, these were made in both normal and endogenous PML-depleted cell lines. These additional cells are not described in detail but are referred to for control or confirmatory evidence when necessary.
Fluorescence-activated cell sorting
Enrichment of the HALL.EYFP-PML.I to HALL.EYFP-PML.VI and HALP.EYFP-PML.I to HALP.EYFP-PML.VI series of cells was achieved by FACs. Cells were trypsinised, washed twice and resuspended in medium containing 200 units/ml penicillin, 200 g/ml streptomycin and 1% foetal bovine serum Gold. EYFP-positive cells were sorted using a Becton Dickinson SORP FACSaria (Beatson Institute for Cancer Research, Glasgow), then transferred into fresh complete medium and expanded into cell lines.
Viruses and virus plaque assays
HSV-1 strain 17 was the wild-type virus used, from which the ICP0-null mutant dl1403 (Stow and Stow, 1986 ) was derived. HSV-1 strains in1863 and dl1403/CMVlacZ were derivatives of wild-type HSV-1 strain 17 and dl1403 that contain the lacZ gene under the control of the HCMV promoter/enhancer inserted into the tk gene. The viruses were grown in BHK cells and titrated in U2OS cells, in which ICP0 is not required for efficient replication of HSV-1. For plaque assays in HepaRG-derived lines, cells were seeded into 24-well dishes at 1ϫ10 5 cells per well, then infected the following day with appropriate sequential threefold dilutions of in1863 or dl1403/CMVlacZ. After virus adsorption, the cells were incubated in medium containing 1% human serum for 24 hours before plaques were identified by -galactosidase staining (Jamieson et al., 1995) . Relative efficiencies of plaque formation at a given virus input were calculated as described (Everett et al., 2006) . All experiments were performed at least three times. Where relevant, the paired twotailed Student's t-test was used for statistical analysis.
Western blot analysis
Cells were seeded into 24-well dishes at 1ϫ10 5 cells per well. The following day, the cells were washed twice with PBS before harvesting in SDS-PAGE loading buffer. Proteins were resolved on 7.5% SDS gels, then transferred to nitrocellulose membranes by western blotting. The following antibodies were used: anti-actin mAb AC-40 (Sigma-Aldrich), anti-PML mAb 5E10 (Stuurman et al., 1992) , anti-Sp100 rabbit serum SpGH (Sternsdorf et al., 1997) , and anti-EGFP rabbit serum ab290 (which also detects EYFP), anti-SUMO-1 mAb ab299 and SUMO-2/3 rabbit polyclonal ab3741-100 (all Abcam).
Immunofluorescence and confocal microscopy
Cells on 13-mm glass coverslips were fixed using 1.5 % (v/v) formaldehyde in PBS containing 2% sucrose, then treated with 0.5 % Nonidet P40 substitute (EuroClone) in PBS containing 10% sucrose. PML was detected with mAb 5E10, Sp100 with rabbit serum SpGH, ICP4 with mAb 58S, hDaxx with rabbit serum 07-471 (Upstate), and ATRX with rabbit serum H-300 (Santa Cruz Biotechnology). The secondary antibodies were FITC-conjugated goat anti-mouse IgG (Sigma) and Alexa-Fluor-633-conjugated goat anti-rabbit IgG (Molecular Probes). A glycerol-based mounting medium was used (Citifluor AF1). The samples were examined using a Zeiss LSM 510 confocal microscope, using the 488 nm and 633 nm laser lines and scanning each channel separately under image capture conditions that eliminated channel overlap. The lens was an oil immersion 63ϫ Plan-Apochromat, NA 1.40. To ensure that all PML and ND10 foci were recorded, the images were acquired as short zstacks (three or four slices covering 1.5-2 m) then single plane projections were produced for export as tiff files using LSM 510 software. Exported images were processed using Adobe Photoshop with minimal adjustment, then assembled for presentation using Adobe Illustrator. 
